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Monitoring fish weight using pulse-echo waveform metrics E. Soliveres a , P. Poveda b , V. D. Estruch a , I. Pérez-Arjona a , V. Puig a , P. Ordóñez a , J. Ramis b , V. Espinosa to the incident wave and it is evaluated in fisheries acoustics from the single echo envelope characteristics recorded with calibrated scientific echosounders.
The error sources in near range TS measurements have been widely discussed 10 in several works [5, 6, 7, 8] is addressed to obtain direct biometrics-related measurements, instead of a relationship between backscattered energy and length of the specimens, and to avoid the reported restriction to ventral aspect measurements.
Echo forms can provide information about the size, constitution and orientation of a sonar target, which has been investigated since the early stages of 25 echo-sounding techniques [10] . Burwen and Fleischmann developed an echolength analysis approach in different references [11, 12, 13, 14] with a basic assumption: the bigger the fish the longer the resulting echo for a given emitted pulse duration and fish orientation. In those seminal works the echo length analysis was performed with acoustical data obtained with state-of-art scientific given by Stanton and different co-workers, with the introduction of broadband emitting and acquiring systems and of pulse-compression techniques to improve signal to noise ratio (SNR) and temporal (spatial) resolution of pulses [15, 16] .
The improvement of spatial resolution allowed individual scattering features to be resolved within the fish. It also helped to observe that the time separations 40 between the first and last returns of the compressed echoes were strongly correlated with the angle of orientation of fish for a wide range of angles. Using that information, they concluded that the orientation of individual fish can be inferred from the processed broadband echo from a single ping [17] . Moreover, pulse-compression of broadband echoes offered relevant information in the com-that we could estimate fish biomass from fish models relating fish height to 70 weight. In the following sections we will first describe the experimental setup used to obtain the full waveform acoustical backscattered signals, as well as the processing methodology and interpretation to extract biometric information of aquacultured gilt-head sea breams (Sparus aurata, Linnaeus 1758). Secondly, we will summarize the results obtained from the measurements of dorsal and 75 ventral aspect of fish, the discussion and conclusions in terms of the applicability of the proposed method to the monitoring of fish farming.
MATERIAL AND METHODS

Fish collection and biometric measurements
We sampled manually a collection of 1019 specimens of sea bream with 80 weights comprised between 18 and 690 g, and tested different types of regressions to establish a weight (W) to height (H) relationship, to demonstrate the possibility of estimating gilt-head sea bream weight from height measurements in the most extended fish size range of production conditions.
Nevertheless, we limited our acoustical measurements to fish with heights 85 that could be resolvable by TOF methods with the available configuration that will be introduced in the next subsection. We also wanted to study small differences in mean weight, just to insure that the resulting methods could be efficient growth monitoring tools for a better fish farm management. Therefore, from the sampled specimens set, five highly homogeneous size-groups with small in- 
Acoustical data acquisition and processing
A small number of fish of each size class (4 individuals with exception of one group of 8 fishes) was introduced in a small experimental cage of 3 m in The fundamentals of TOF methods used in ultrasonic metrology or nondestructive testing establish that the spatial resolution is given by cτ /2, being c the sound speed in the host medium and τ the pulse duration. The used pulse length gives a theoretical resolvable distance between two scatterers in
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water of approximately 4.5 cm. The real one being even greater due to the transducer ringing time, and depending on detection threshold level. The use of a tone burst signal for pulse compression does not offer an improvement to the spatial resolution [25] . We performed a cross-correlation of the acquired time series with the excited signal in order to maximize the signal-to-noise-ratio
130
(SNR) as indicated in [25, 26] . Once the signals were correlated, each ping envelope was calculated and sequentially represented in a classic echogram. From the echogram, single traces corresponding to individual targets were extracted, excluding all of those that could be the result of the superposition of fish trajectories at similar distances from the transducer. Also, the shape of the traces To simplify the analysis process (and to make an easier automation), the ping with largest amplitude among all of the pings making up the trace was established as a reference point. The full waveform for that ping was considered, and 180 the temporal interval between the two latter local maxima provided the input for the distance calculation, assuming in a first approach a flesh sound speed equal to 1.025 times the sound speed of sea water during each measurement session [27] .
The procedure was repeated for the previous and following pings of the trace,
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while the latter local maximum exceeded a certain measurable threshold.
The recordings obtained by means of fish ventral and dorsal insonifications were analysed with the above explained method and the results relating the obtained acoustical distances to fish weights are given in the following section.
Numerical simulations 190
In order to interpret the observed echo-shape characteristics we performed some numerical simulations of the backscattered signal. A numerical model using the finite element method was implemented using the COMSOL Multiphysics software package. The aim of the simulation was to find out if the existence and interplay of three expected echo maxima, each one corresponding 195 to the water-fish interface, to the swimbladder and the fish-water boundary, respectively. We sought to confirm if the temporal distance between them responded to changes in the geometrical distances and sizes of the constitutive elements. Numerical simulations were performed with an idealized geometry, both for ventral and dorsal incidence. domain were modelled as outside radiating walls. To minimize the memory requirements, the calculus was performed using an axisymmetric configuration with 16 nodes per wavelength. In the case shown in Figure 1 , the dimensions of the ellipse were 8.5 and 3.5 cm along and transverse to the wave propagation direction respectively; both fish bone and swimbladder radius measured 5 mm.
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The incident acoustic wave was simulated as a 10 period length squared pulse, with a central frequency of 200 kHz.
RESULTS
Biometric relationships
We have plotted in Figure 2 the results of the manual sampling of the gilt- 
Numerical results
The numerical simulations of the backscattered signal with an idealized structure with the dimensions of the biggest size class replicated fairly the echo of the first maximum when the pulse duration was increased to 12 periods, or alternatively when the sizes of the inner structures were bigger.
Acoustical height measurements versus fish weight
The resulting average distance to the transducer of the selected traces for our measurements was 73 and 84 cm for the ventral and dorsal cases respectively.
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The -3 dB diameter of the beam at such distances were 40 and 50 cm, assuring that fish were totally insonified. The number of pings in each trace was between 7 and 12. Approximately 50 % of selected traces had symmetrical shape; the rest accomplished the maximum slope criterium exposed above.
In the case of ventral measurements, SNR improved from 23.5 to 36.4 dB 240 by applying cross-correlation with the excited signal; it was observed in a high number of traces (up to 90 %) the appearance of echoes derived from the swimbladder and the dorsal interface of the target, as it is outlined in Figure 3 . In addition, the previous echo maximum, associated with the ventral interface, turned up in a significant number of the cases (mainly for the biggest fishes),
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most of the studied specimens presented a masking of this kind of maximum.
Even in the cases that the echo maximum associated with the ventral interface was observed, its amplitude was always lower that the amplitude of the maximum corresponding to dorsal interface. Following the procedure explained in the Materials and Methods section, the distance between the maximum am-250 plitude peak (attributed to the swimbladder interface) and the latter detected local maximum was determined, and a mean ventral acoustical height (VAH )
was established for each group of sea breams as given in Table 1 . Table 2 . This characteristic could be associated with scattering phenomena due to the different shapes of the upper and lower contours of the sea breams, the different influence of fish bones, etc. In spite of this, a mean dorsal acoustical height (DAH ) was 265 established for every size class of fish as given in Table 2 .
The dependence of weight versus the measured quantities (VAH and DAH ) is depicted in Figure 4 showing high correlation coefficients in both cases with a exponential adjustment. Figure 4 how mean VAH increases more rapidly than mean DAH with fish weight.
Statistical modelling of measured acoustical heights
We have studied the measured value distributions for each weight class,
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showing that the acoustical heights follow a probability distribution that fits a Gumbel distribution model. Considering different weights, we obtained dif-ferent distributions but the same pattern. The different weights are associated with the same model of distribution but with different parameters depending on weight. In Tables 1 and 2 , the sample size (n), the mode and the scale pa-280 rameters of the fitted Gumbel model, the p-value for the Kolmogorov-Smirnov test, the theoretical means and standard deviations computed from the model are shown, considering the different weights for DAH and VAH, respectively. 
Measured "acoustical heights"
Echoes received by the transducer are originated from the reflections due to a change of impedance in the transmission medium. The larger echo amplitude can be attributed to the reflection from the fish swimbladder. In this case, the gas inside the bladder results in a high impedance change and therefore a 305 great amount of energy is reflected to the transducer. Regarding the previous and later peaks, these should correspond respectively to the water-to-fish ("entrance") and fish-to-water ("exit") interfaces. The interface water-tissue implies a minor impedance change and accordingly provides less energy to the returned echo than the swimbladder. These phenomena are reflected in the difference of 310 amplitudes among the maxima constituting the single fish echo.
The measurement of fish height by TOF techniques would be always limited by the spatial resolution of the acoustical setup. Fish vertical dimensions would depend on its size and its orientation, and the precision in the measurement of the water-to-fish and fish-to-water interfaces would be affected by the possible 315 superimposition of the corresponding echoes with those produced by other inner structures. As it can be seen in the x-ray image of a gilt-head sea bream in Figure   1 (upper-left panel), the swimbladder is slightly tilted as it is common in several species, thus extending its contribution to the echo amplitude along the vertical direction.
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The combination of the spatial resolution and the fish morphometrics allowed the measurement of distances related to biometric dimensions not considered initially, such as an averaged distance from swimbladder to the fish back (when measuring the ventral aspect) or to fish belly (from dorsal measurements).
The exact reproduction of the echo waveform characteristics in the experi-325 ment was not the objective of the performed numerical trials. Being cautious about the origin and result of the different backscattered waves superimpositions (e.g. head bone mixed with tissue boundaries), and aware of the differences with more realistic fish geometries, the simulations provided the necessary confidence to assume that the method allowed us to obtain an alternate acoustic height. are similar to the mean and the standard deviation obtained from the samples, respectively. We must see the importance of the direct relationship of both measured acoustical heights to fish height (and also to fish length) as evidenced in Figure 5 . This is an evidence of the interrelation of the different fish dimensions.
It must also be noted the low number of echoes needed to fit the probability which would require much longer recording times.
Applicability to production conditions and broadband techniques
The approach presented here infers fish size for a given fish orientation (dorsal or ventral aspect) of a confined swimming fish. The variability in the fish 
CONCLUSIONS
Full waveform analysis of fish echoes allowed us to obtain direct information of gilt-head sea bream morphometrics and to relate this information to fish Table 2 . Acoustical height measurements from dorsal aspect (DAH) and its adjustment to a Gumbel-like distribution model. 
